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Summary
The important biological roles of nitric oxide (NO) have prompted the development of analytical
techniques capable of sensitive and selective detection of NO. Electrochemical sensing, more than
any other NO-detection method, embodies the parameters necessary for quantifying NO in
challenging physiological environments such as blood and the brain. Herein, we provide a broad
overview of the field of electrochemical NO sensors, including design, fabrication, and analytical
performance characteristics. Both electrochemical sensors and biological applications are detailed.
Introduction
Few diatomic molecules have received as much attention as nitric oxide (NO). Although
well known as a potent environmental pollutant, it was not until 1987 that Furchgott,
Ignarro, and Murad separately identified NO as the endothelium-derived relaxation
factor,1–3 a discovery that would ultimately lead to their shared Nobel prize in physiology in
1998. In the years since this discovery, many scientists have continued to unravel the roles
of NO in physiology. When produced endogenously from L-arginine by a family of
enzymes called nitric oxide synthases (NOSs),4 NO has been found to be active in the
cardiovascular,5 nervous,6 and immune7, 8 system, and in the wound-healing process.9
Exogenously released NO has been shown to elicit diverse biological responses such as
reduced microbial viability10 and decreased platelet activation.11
Widespread interest in NO and its biological roles has generated demand for analytical
techniques capable of its measurement and quantification. Such technology is not
straightforward due to NO’s widely varying concentration. In the human body, the effect of
NO is dependent on its concentration, ranging from sub-nanomolar to micromolar
levels.12, 13 To complicate matters further, NO has a short half-life (typically <10 s) in
biological milieu due to its reactivity with oxygen, thiols, free radicals and hemes.14
Effective NO detection schemes thus require a wide dynamic range, adequate sensitivity,
and fast response time. Furthermore, the method must be highly selective toward NO over
interfering species, which is often challenging due to the overwhelming complexity of
biological systems.
The majority of analytical approaches for measuring NO may be categorized into
spectroscopic and electrochemical methods. Most spectroscopic NO detection methods
involve either indirect measurement of byproducts of reactions between NO and other
chemical species (i.e., Griess reaction and chemiluminescence); or, direct measurement of
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(fluorescence), or spin traps (electron paramagnetic resonance spectroscopy).15 Some
spectroscopic methods offer high sensitivity and selectivity for NO. For example,
fluorescence NO detection is widely used for intracellular imaging of NO, enabling NO
measurement at concentrations as low as 2 pM.16 However, most spectroscopic methods
present obstacles for in vivo NO detection due to the complex instrumentation that is
difficult to miniaturize. Conversely, electrochemical NO sensors allow for direct NO
analysis with attractive analytical performance (i.e., sensitivity, selectivity, response time,
sensor size, and inexpensive fabrication and operation).
Electrochemical Detection of Nitric Oxide
Electrode materials
The materials used to construct an electrochemical NO sensor play a pivotal role in the
sensitivity and quality of the ensuing analytical measurement. Materials most often chosen
as the working electrode include platinum (Pt) and its alloys,7, 17 carbon fiber,18 glassy
carbon (GC),19 and gold (Au).20 By varying the composition and surface characteristics of
the electrode material, the sensitivity, selectivity, signal stability, and required oxidation or
reduction potential become tunable to varying extent. For example, Meyerhoff’s group
found that platinum electrodes could be made more stable and sensitive to NO via
platinization, a process where platinum black particles are electrochemically formed on the
electrode surface, increasing the roughness and effective surface area.21 By platinizing the
platinum electrode of the NO sensor, 10-fold gains in both the NO detection limit and
sensitivity were achieved. The authors surmised that the source of this performance
enhancement was a concomitant increase in electron-transfer kinetics with a decrease in the
potential required to drive the oxidation of NO.
Electroactive biological interferences
Of the various examples of electrochemical NO sensors intended for biological applications,
few have been tested against more than a handful of applicable biological interferences. The
extent to which a particular interfering species influences an NO measurement depends on
the type of sensor, the applied potential, the characteristics of the permselective membrane
(i.e., surface charge, porosity, hydrophobicity, and thickness), and the intended biological
location of the analysis. For example, interference from gaseous oxygen is only a concern if
NO is being measured via electroreduction, since the reduction potential for NO and oxygen
are similarly negative. Predicting likely interfering species is further complicated by the
dependence of NO and interfering species concentrations on a multitude of outside stimuli
(e.g., disease, injury, age, nutrition, and prior medical history). The most commonly
encountered interfering species in biological milieu and their typical biological
concentration ranges are listed in Table 1.22–25 Nitrite is of particular concern due to its high
concentration and similar size and oxidation potential to NO, making it difficult to
discriminate against. Additionally, nitrite is a stable byproduct of the auto-oxidation of NO
by endogenous oxygen and oxyhemoglobin, resulting in a direct dependence between the
two species. Carbon monoxide (CO) is equally problematic because of its similarities to NO
in size, hydrophobicity, oxidation potential, and physiological roles.26 Recent studies have
made it apparent that NO and CO regulate each other through various physiological
processes.27 As a result, attempts to exclude CO using a NO selective membrane often fail.
Providing selectivity to NO sensors over all of the above-mentioned interfering species is
clearly challenging. The discussion of strategies for conferring selectivity to NO sensors is a
major thrust of our tutorial.
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A wide variety of sensor designs have been developed and adapted for use in the
measurement of NO in solution. While the construction of these devices varies widely,
sensors are typically composed of a surface capable of the electro-oxidation or –reduction of
NO, and a mechanism for discriminating against electroactive interferences. A
permselective membrane is commonly employed for this purpose. In general, sensor styles
may be categorized as follows; 1) Shibuki-style, 2) solid permselective, and 3) solid
catalytic (Figure 1).
Shibuki-style NO sensors are modified versions of the initial oxygen (O2) sensor first
reported by Leland Clark in 1956.28 This sensor comprises an electrolyte-filled micropipette
into which both platinum working and silver reference wires are placed, and covered with a
thin gas-permeable rubber membrane. Low molecular weight gases (e.g., NO and O2) easily
diffuse through the membrane and to the electrode surface while larger species are excluded.
By applying a negative or positive potential at the platinum wire electrode, electroactive
species are reduced or oxidized, respectively, at the electrode surface, resulting in current of
magnitude proportional to the analyte concentration. Shibuki reported the fabrication of the
first NO-selective sensor in 1990, for which a positive electrode potential (i.e.,
electrooxidation) was used to oxidize and detect NO.29 While this type of sensor measures
NO with adequate selectivity over nitrite, the sensitivity of the sensor varied over time and
between sensors from 2.5–106.3 pA/nM NO, leading to unstable measurements. In addition,
the sensor was not readily amenable to miniaturization (>150 μm diameter) due to the
complexity of construction and the requirement of an internal filling solution.
Solid permselective NO electrodes have been developed to eliminate the need for an internal
filling solution. Fabrication is accomplished by directly modifying a noble metal or carbon
electrode with a typically hydrophobic membrane permeable to the analyte of interest but
impermeable to other electroactive interferences.30 The simple design and construction of
solid permselective electrodes allows them to be more easily miniaturized than Shibuki-style
sensors. By layering multiple types of membranes on the electrode, the sensor selectivity
may be tuned to discriminate over a wide variety of interferences including nitrite,
dopamine, and acetaminophen, enabling unambiguous NO concentration determination in
biological milieu. Nitric oxide is measured directly either by electrooxidation or
electroreduction.
Solid catalytic electrodes were developed to further reduce the effect of electroactive
interferences on the NO-selective electrode. While similar in construction to solid
permselective electrodes, the catalytic electrodes incorporate a mediator (e.g.,
metalloporphyrins and metal phthalocyanines) either directly on the electrode surface or
within a permselective membrane.30 By including a mediator capable of catalyzing the
oxidation or reduction of NO, the magnitude of the required electrochemical potential (for
NO measurement) is decreased, minimizing interference from other electroactive species.
When combined with a permselective membrane, solid catalytic electrodes provide
unparalleled selectivity. Similar to solid permselective electrodes, NO is measured directly
either by catalytic electrooxidation or electroreduction.
Placement of a reference electrode (typically silver/silver chloride) is also an important
consideration for all three types of NO sensors. Integration of the reference electrode inside
the envelope created by the NO-selective membrane (internal) maintains a constant potential
between the reference and working electrodes. Conversely, the use of a reference electrode
external to the membrane results in an additional membrane potential. External reference
may be problematic if physical or chemical changes to the membrane or biofouling (e.g.,
adhesion of platelets, blood proteins) occur during the measurement, thereby altering the
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membrane potential and potential applied to the working electrode. As shown in Figure 1a,
Shibuki-style sensors typically integrate a reference electrode within the electrolyte filling
solution. Solid permselective and solid catalytic electrodes may utilize an internal or
external reference electrode depending on the measurement requirements.
Modes of Operation
Electrochemical NO sensors operate via the application of a potential at an electrode surface
sufficiently positive or negative to electrochemically oxidize or reduce NO. The resulting
transfer of electrons to or from the electrode surface is measured as a current, proportional to
the concentration of NO in solution. The potential required for measuring NO for each
operational mode depends on both the identity (e.g., gold, platinum, carbon) and specific
surface properties (e.g., catalytic activity and surface roughness) of the electrode. The three
most common modes of electrode operation are explained below.
Electroreduction of NO
While the majority of NO sensor-related publications involve the electrooxidation of NO
(direct or catalytic), sensors that measure NO via its electroreduction have been reported.
Depending on the electrode type and sample solution pH, NO is reduced at negative
potentials ranging from −0.5 to −1.4 V (vs. Ag/AgCl).30 The reaction proceeds via a two
electron reduction mechanism:
(4)
The primary advantage of electroreduction is the avoidance of most interfering species that
are commonly troublesome at positive potentials. However, electroreductive sensors are
often plagued by diminished sensitivity, oxygen interference, and dependence on pH and
electrode surface characteristics. With proper optimization, recent reports indicate some
utility for specialized biological analysis.31–33
The most problematic requirement for electroreductive NO sensors is the ability to operate
at physiological pH. Perhaps the first example of a physiologically useful electroreductive
NO sensor, Meulemans used differential pulse voltammetry to detect NO (reduction
potential at −1.2 V vs. Ag/AgCl) in phosphate-buffered saline (PBS) with a sharpened
carbon fiber.33 While the sensor did not respond to nitrite or oxygen, the reported detection
limit for NO was poor (10 μM) and no information was given concerning interferences.
To improve the sensitivity and selectivity of electroreductive NO sensors, electrodes have
been coated with transition metal complexes that catalyze the reduction of NO, thereby
minimizing the magnitude of the potential required. For example, Maskus and coworkers
used a chromium (Cr) complex to create a sensitive NO electrode capable of operation in
aqueous buffer at pH 7.0.32 The authors modified a glassy carbon electrode with a film of
[Cr(4′-vinyl-2,2′,6,2″-terpyridyl)2]3+ and a thin coating of Nafion. The resulting sensor was
capable of measuring NO at sub-micromolar concentrations at −0.9 V vs. saturated calomel
electrode (SCE). Neither nitrite nor O2 were found to pose significant interferences. As a
demonstration of the biological utility of the sensor, the authors successfully detected
stimulated NO generation from bacteria in buffer at pH 7.
Metalloproteins such as hemoglobin have also proven useful for catalyzing the
electroreduction of NO. For example, Liu and colleagues fabricated an NO sensor composed
of hemoglobin immobilized within polyethyleneimine (a biocatalyst stabilizer) on a
pyrolytic graphite surface.31 With the hemoglobin, the required potential for NO was
reduced from −1.3 V for the bare pyrolytic graphite electrode to −0.680 V (vs. SCE).
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Despite the more positive potential, the authors reported a 40 nM NO detection limit and
linear response range from 0.1 – 8 μM in PBS (pH 7.4). Ascorbic acid was the only
interferent tested, resulting in a 0.5% increase in current for equimolar concentrations of
ascorbic acid in an NO solution. The selectivity of the sensor to more concerning interfering
species such as nitrite and O2 was not reported.
Though less biologically applicable, a greater degree of NO sensitivity has been reported for
sensors operating at non-physiological pH.34 For example, Zen et al. fabricated an NO
sensor using a Nafion/lead ruthenate pyrochlore electrode with a NO detection limit of 4.8
nM at pH 1.65 (buffered). While the low pH requirement renders this sensor unsuitable for
most biological applications, it highlights the analytical sensitivity attainable in the
electroreduction mode. Nevertheless, the majority of published NO sensor manuscripts have
employed the electrooxidative mode due to the poor limits of detection and unavoidable
oxygen interference for biological application via electroreduction.
Direct Electrooxidation of NO
The electrochemical reaction of NO on metal surfaces at positive electrode potentials




During the third step/reaction, nitrite is electrochemically oxidized to nitrate. As a result,
endogenously produced nitrite presents a significant source of electrochemical
interference.36 Typically present in biological tissues at more than an order of magnitude
higher concentration than NO, a successful NO electrode via electrooxidation must include a
physical contingency for excluding nitrite. Other common interfering species include
acetaminophen, ascorbic acid, uric acid, dopamine, and CO. Careful attention thus must be
given to understand the type and concentration of such interferences when making NO
measurements with bare electrodes.
Many direct oxidation NO sensors are based on the solid permselective platform, where an
electroactive surface is modified directly with an NO-selective membrane (Figure 1b). The
permselective membrane limits the diffusion of interfering species to the working electrode
by electrostatic repulsion and/or hydrophobic character. Selectivity is also dependent on
membrane thickness, where thicker membranes enable greater selectivity, but often at the
expense of sensitivity to NO.
While a direct comparison of NO sensitivity and limit of detection is easily made between
the sensors described below, the variety of sensor designs and biological applications (with
divergent biological interferences) make it difficult to fully compare sensors in terms of
selectivity over interferences. A list comparing the performance characteristics of the direct
oxidation NO sensors discussed is provided in Table 2.
Since anionic (e.g., ascorbic acid and nitrite) and cationic (e.g., dopamine) species are
significant sources of interference for electrooxidative measurements of NO in biological
systems, exclusion by electrostatic repulsion is the most common method for imparting
selectivity to NO sensors. Nafion, a polymeric cation exchanger (Figure 2), has been
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employed extensively to exclude nitrite via electrostatic repulsion from the sulfonate group
present at neutral pH.20 In an early example of a permselective electrode that selects against
anionic species, Bedioui and coworkers coated gold fiber and microdisk electrodes with a
Nafion film. In addition to providing good selectivity for NO, the electrodes exhibited a
linear dynamic range for NO from 10 – 100 μM.20 While not exceedingly sensitive to NO,
the authors noted that by decreasing the thickness of the Nafion membrane, sensitivity to
NO was increased at the expense of selectivity over nitrite. Unfortunately, sensors coated
with Nafion still respond to cationic and neutral species such as dopamine and
acetaminophen, respectively.37
As an alternative to Nafion, Prakash and coworkers electrochemically deposited
polycarbazole on a Pt electrode, fabricating an NO sensor capable of excluding ascorbic
acid.38 The use of polycarbazole, an electrically conductive polymer, increased the active
surface area of the electrode, and thus enhanced NO sensitivity. Sensor response to
dopamine was minimized by making differential pulse voltammetry measurements, where
the oxidation peaks for NO (~0.65 V vs. Ag/AgCl) and dopamine (at 0.25 V) were
monitored, allowing for their discrimination. The resulting sensor exhibited a limit of
detection of 50 nM and a linear dynamic range up to 1 μM. Curiously, interference from
nitrite was not tested, although the anionic nature of polycarbazole would likely enable some
degree of selectivity.
Hydrophobic polymer membranes have also been employed as electrode coatings to increase
both the sensitivity and selectivity of NO sensors, promoting NO diffusion over hydrophilic
interfering species. For example, Kitamura et al. dip-coated polystyrene (and collodion as a
protection layer) onto a Pt microcoaxial sensor (incorporating an Ag/AgCl electrode on the
perimeter of the glass-insulated Pt wire).39 The detection limit of the sensor was 75 nM NO
with a linear range of 0.1 – 1.0 μM, and no response to nitrite (up to 10 μM aliquots).
The ability to control the degree of hydrophobicity of an NO-selective membrane is
important for maximizing sensitivity to NO and selectivity over interfering species. Utilizing
multiple fluorinated alkylalkoxysilane precursors, Shin et al. demonstrated the ability to tune
the hydrophobicity of NO-selective polymeric xerogel membranes, allowing for
optimization of the sensor’s response to NO over electroactive interferences.40 The
permeability and selectivity of the sensor to NO were maximized utilizing a 20% (heptadeca
uoro-1,1,2,2-tetrahydrodecyl)trimethoxysilane (v/v, balance methyltrimethoxysilane)
xerogel membrane applied to a 5 μm diameter Pt black/Pt-coated conical tungsten
microelectrode (Figure 3). The limit of detection and dynamic linear range of the NO sensor
were 83 pM and 0.2 nM – 4.0 μM, respectively. Furthermore, the sensor had little response
to nitrite, ascorbic acid, uric acid, acetaminophen, dopamine, and ammonia. Although not
commonly tested, the authors reported that the sensor also responded to carbon monoxide
(CO), which might have been expected due to its physical similarity to NO.
To date, the only successful direct electrooxidation strategy for NO discrimination over CO
is based on the use of a Shibuki-style dual NO/CO sensor. Due to the difficulty in designing
a membrane capable of CO exclusion, Lee and Kim relied on the sensitivity ratios of NO to
CO on Pt black and Pt black/tin (Sn) electrodes to determine the concentration of both NO
and CO, respectively, in solution.24 The authors found that the Pt black/Sn-coated electrode
was more sensitive to CO than the electrode coated with Pt black only. The addition of a
polytetrafluoroethylene (PTFE) membrane provided effective discrimination against nitrite.
Although no other interferences were tested, the resulting sensor exhibited adequate
sensitivity to NO with a dynamic linear range from nM to μM NO. When used in vivo in
mouse kidney tissues, the concentrations of CO generated were up to 8 times greater than
that of NO, suggesting that without a mechanism for CO discrimination, electrochemical
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NO sensors would certainly have overestimated the NO concentrations. Future NO sensor
work related to physiological measurements should include this contingency for CO.
A single membrane is often unable to exclude all physiological interfering species because
of the diverse size and charge characteristics of common electroactive interferences. By
combining multiple NO-selective membrane types, the selectivity of a sensor may be
tailored for a variety of physiological environments. For example, Friedemann and
coworkers deposited layers of o-phenylenediamine (o-PD) and Nafion onto carbon fiber
electrodes, resulting in a sensor capable of excluding interferences by size and charge,
respectively.41 Electrodes with the hybrid coating of Nafion/o-PD were found to have
adequate selectivity over ascorbic acid, nitrite, and dopamine, with a detection limit of 35
nM and a linear response up to 6 μM NO. Although multiple layers may confer selectivity
over a broad range of interfering species, careful study of the effects of the ensuing
membrane thickness on sensor response (e.g., sensitivity) is required.
Catalytic Electrooxidation of NO
While the sensitivity and selectivity of direct electrooxidation NO sensors are dependent
primarily on the permselective membrane, sensors that operate via catalytic electrooxidation
utilize a redox mediator (Figure 4) to further improve analytical performance. For example,
metalloporphyrins may be immobilized on the electrode surface or incorporated into a
polymer coating to function as catalysts for the oxidation of NO. By increasing the electron
transfer kinetics for NO oxidation, the sensitivity to NO is enhanced. The selectivity over
interfering species is further improved by employing one or more permselective membranes.
Table 3 lists the performance characteristics of example electrocatalytic oxidation NO
sensors.
Metalloporphyrins, are the most common mediator chosen for fabrication of catalytic NO
sensors. Nickel (Ni), is the most frequently employed central metal ion. In their seminal
report, Malinski and Taha utilized a Ni-porphyrin (Figure 4a) electropolymerized on a
carbon fiber subsequently modified with a Nafion film.18 In this configuration, the sensor
had a detection limit of 10 nM and linear response up to 300 μM NO. When tested in
solutions containing both NO and nitrite, the authors observed only a small increase in
current and no change in peak potential indicating minimal interference from nitrite due to
the lower oxidation potential employed. An important advantage of utilizing carbon fiber as
an electrode is its small size and wide biological applicability. Indeed, the Malinski/Taha
sensor was roughly 0.5 μm in diameter, and thus able to measure NO release from single
endothelial and smooth muscle cells. Despite the use of Ni porphyrins, porphyrins
containing central metal ions such as iron (Fe) and manganese (Mn) have also been used to
construct successful NO sensors.42–44 For example, Diab and Schuhmann coated platinum
electrodes with Mn porphyrin-modified polypyrrole films, resulting in NO sensors with little
interference from nitrite or ascorbic acid.44
Metallophthalocyanines represent another type of metal-ligand complex recently suggested
as a catalytic coating for fabricating NO sensors (Figure 4c). Although similar in structure to
metalloporphyrins, metallophthalocyanines are advantageous due to their ability to resist
degradation.45 Vilakazi and Nyokong examined a variety of metal-phthalocyanine
complexes, including zinc (Zn), Mn, cobalt (Co), Ni and Fe.46 Although sensors modified
with the Fe complex resulted in the greatest sensitivity to NO, the strong NO-Fe-
phthalocyanine interaction led to poor signal stability due to fouling caused by strong
interactions with NO and its oxidation byproducts. In contrast, a carbon fiber microelectrode
modified with Co-phthalocyanine and Nafion allowed successful regeneration of the
electrode without fouling. Metallophthalocyanines have also been applied to other electrode
materials including carbon nanotube-modified glassy carbon,47 platinum,48 and screen-
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printed carbon.49 For example, Silva and coworkers modified a glassy carbon electrode with
single walled carbon nanotubes (SWCNT), followed by commercially available Ni-
tetrasulfonated phthalocyanine and Nafion.47 The resulting sensors exhibited a two-fold
enhancement in the oxidation current for NO compared to a sensor lacking SWCNT
modification.
While metal-porphyrin and porphyrin-like complexes have found widespread use as
catalytic coatings for NO sensors, non-porphyrin complexes have performed equally well.
Mao and colleagues fabricated NO sensors by modifying electrodes with an
electropolymerized salen ligand conjugated to iron, cobalt, copper, or manganese (Figure
4b), and then a Nafion film.50 Each of the metal complexes tested resulted in sensors
sensitive to NO, with the Fe(salen) complex exhibiting both the lowest detection limit (10
nM) and most promising linear range (19.6 nM – 1.13 μM). As seen in Table 3, these
performance characteristics were similar to the Ni-porphyrin-modified electrodes with
selectivity for NO over dopamine, nitrite, and ascorbic acid. Of note, the reported selectivity
over dopamine, a positively charged species at physiological pH, was the result of the
electrochemical transduction mode. Indeed, the use of differential pulse voltammetry
allowed for the pre-oxidation of any cationic species, thereby reducing the magnitude of
their interference.
As Nafion alone is unable to exclude all electroactive interfering species, in particular
neutral and cationic molecules, other strategies have been used to eliminate interference
from these species. Mitchell and Michaelis employed both additional membranes and an
enzyme system to improve the selectivity of Ni-porphyrin/Nafion sensors.37 To eliminate
interference from ascorbic acid (present in high concentrations in the brain), a Ni-porphyrin/
Nafion-coated carbon fiber electrode was further modified with an additional membrane
containing ascorbic acid oxidase. As such, the sensor membrane converted the ascorbic acid
into dehydroascorbate, a non-electroactive molecule. When compared to the unmodified and
Nafion-coated porphyrin electrodes, the selectivity of the ascorbic acid oxidase/Nafion-
modified electrodes for NO over ascorbic acid was increased by 3900- and 56-fold,
respectively. A polylysine or polypyridinium membrane was also added to create a slight
positive charge on the electrode surface, thus providing selectivity over dopamine. Although
both membranes improved selectivity over a range of cationic interferences, the
polypyridinium provided the greatest enhancement. The authors reported little response to 1
mM solutions of CO with this multi-membrane sensor, but without rationale or speculation.
Calibration Methods
Proper calibration of electrochemical sensors is imperative for the accuracy of analytical
measurements, especially when measuring an analyte at concentrations as low as that for
NO. During calibration, efforts must be made to mimic the measurement environment
including pH, ionic strength, temperature, shear stress, etc. Calibration of NO sensors for
use in vivo is especially challenging as endogenous species like hemoglobin and oxygen
quickly scavenge NO, often circumventing in vivo calibration.35
Controlled amounts of NO for sensor calibration are most often obtained by reaction of
iodide in acidified nitrite, NO release via NO donor compounds such as S-nitroso-acetyl-
DL-penicilamine (SNAP), or saturating aqueous solutions with gaseous NO.51 A review by
Davies and Zhang should be consulted for details pertaining to the preparation of NO
standard solutions using these approaches.36 Below we briefly summarize each approach
with key advantages and disadvantages that should be considered when choosing a sensor
calibration method.
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Calibration using the chemical generation of NO is performed by reacting potassium nitrite
with acidified iodide, resulting in the liberation of NO:
(5)
Iodine generation of NO is useful because the chemicals are simple and inexpensive, and the
amount of NO produced is stoichiometrically equivalent to the initial concentration of
KNO2. However, the harsh acidic conditions required may damage sensor membranes,
presents a safety hazard, and requires careful disposal.
Another widely accepted method of calibrating electrochemical sensors utilizes the Cu(I)-
catalyzed decomposition of SNAP, a small molecule NO-donor, in aqueous solutions to
form one molar equivalent of NO.51 Briefly, the sensor is placed into a measured amount of
a deoxygenated cuprous chloride saturated solution. A carefully determined volume of a
deoxygenated buffer (pH 9.0) containing a known amount of SNAP and
ethylenediaminetetraacetic acid (EDTA) is then added to the CuCl solution, catalyzing the
release of NO. The primary advantages for this method include the commercial availability
of SNAP, the ease of preparation of standard solutions, and the relatively mild conditions
needed. However, this method is heavily dependent on both the purity of SNAP and proper
storage of the light- and heat-sensitive CuCl and SNAP solutions.36 Furthermore, the pH of
the aqueous solution used in this method lacks physiological relevance.
The most common method for calibrating NO sensors is based on sparging aqueous
solutions with NO gas. A water or buffer solution is first deoxygenated with an inert gas
(nitrogen or argon) to prevent reaction of NO with O2. Purified NO gas is then bubbled into
the deoxygenated solution for several minutes to NO saturation ~2 mM at room
temperature).36 Standards are prepared by mixing carefully measured aliquots of the
saturated NO solution with fresh deoxygenated solutions. Alternatively, less concentrated
NO solutions are prepared by sparging solutions with calibrated NO gas mixtures (i.e., NO
and N2). The resulting concentration of NO, CNO, in solution is then determined using
Henry’s law:
(6)
where PNO is the pressure of NO (in mmHg) and SNO is the solubility of NO in the aqueous
solution.40 A typical calibration curve utilizing NO solutions is shown in Figure 5, where
aliquots of a standard solution prepared from a calibrated NO gas mixture were injected into
degassed buffer. The NO levels were measured using a solid permselective electrode.40 The
advantages of gas sparging include simplicity, easy application to any aqueous solution, and
freedom from using chemicals (e.g., NO donors or acid/iodide). Extreme caution (i.e., fume
hood, proper ventilation, etc.) must be exercised when using NO gas due to safety and
toxicity concerns related to NO gas.
Nitric Oxide Measurements in Biological Systems
A review of the NO sensor literature reveals numerous examples of electrochemical NO
sensors applied to biological systems. Previous reviews have examined the various
biological applications of NO sensors.30, 35, 36, 52 Below we detail a small selection of NO
sensors applied to biological measurements as examples of the diversity of problems studied
by these devices. Only sensors operating via electrooxidation (direct or catalytic) mode are
described due to the interference from O2 encountered for electroreductive NO sensors.
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Measurement of NO in blood is of particular interest due to its role in regulating vascular
tone.13 Furthermore, the bioavailability of endothelium-derived NO is an important indicator
of cardiovascular risk, and has been found to be decreased in patients with conditions such
as hypertension and diabetes mellitus.53 Traditionally, evaluations of NO bioavailability has
been performed indirectly by observing the extent of vasodilation upon stimulation of NO
release by bradykinin or acetylcholine (ACh).53 With the development of NO sensors,
induced NO response is more accurately determined by directly measuring the resulting NO
release. However, blood is a challenging environment for NO measurement due to the
presence of both dissolved oxygen and hemoglobin, scavengers of NO that lower circulating
NO concentrations. Sensors applied to in vivo NO measurement in blood must have
excellent sensitivity to NO and selectivity for NO over the NO oxidation byproducts nitrate
and nitrite. In an early example of blood-based electrochemical NO measurements in human
vasculature, a Nafion-coated metalloporphyrinic NO sensor was inserted into the hand vein
to monitor stimulated NO release via infusions bradykinin and acetylcholine.54 The resulting
NO measurement revealed a dose-dependent relationship between the concentrations of the
stimulating species and NO released. Injection of N-monomethyl-L-arginine (L-NAME), an
inhibitor of NOS, attenuated the release of NO, indicating that the source of the observed
signal was NO. The testing of selectivity during calibration indicated that the sensor was
unresponsive to the chemical stimulants and inhibitor used during the course of the study. In
addition, no signal was detected in response to nitrite or nitrate.
In contrast, measurements of NO released in biological tissues requires rugged sensors
capable of penetrating dense structures without sustaining damage or diminished
performance. While small sensors are preferred for such measurements to decrease the
extent of tissue damage during implantation, the fragility associated with small devices
precludes their practical use. Malinski’s group addressed this problem by sheathing a
shortened version of their Nafion-coated porphyrinic NO sensor (0.5 – 8 μm diameter) in a
needle to protect the sensor tip during NO measurements in rat tissue.55 As shown in Figure
6 the NO sensor was capable of measuring NO in rat lung tissue following the injection of
lipopolysaccharide (LPS), a component of bacterial cells that induces an immune response.
The resulting stimulated NO production exceeded 100 nM and remained elevated for 20
min. The sensor was also implanted into rat heart tissue, where a significant increase in NO
was detected (910 nM) upon stimulation of the endocardium via injection of a calcium
ionophore.
The brain represents perhaps the most challenging environment for measuring NO, primarily
due to low NO concentration, the need for ultrasmall sensors, and the presence of multiple
interfering species at high concentrations including ascorbic acid, uric acid, and dopamine.
Neurosensors must thus offer superior NO selectivity over these interfering species. Brown
et al. reported the fabrication of an NO sensor for real-time monitoring of NO in the
striatum.56 A working electrode was fabricated by cutting an insulated Pt/iridium (Ir) (90%
Pt) wire (125 m bare diameter) to form a Pt micro-disk. A Nafion membrane was then
applied to the electrode, resulting in an NO-permeable membrane that excluded dopamine,
nitrite, ascorbic acid, and uric acid. The resulting sensor had a detection limit of 5 nM. In
vivo measurements were performed in the striatum of freely-moving rats, where injections
of both NO solutions and L-arginine separately elicited a significant NO response at the
electrode over saline.
Due to the identification of NO identified as a potent tumoricidal agent at elevated
concentrations, compounds capable of generating NO at tumors are being studied as
potential anti-cancer therapeutics.57 The ability to assess the efficacy and mechanism of
NO-based drugs by quantifying local NO concentrations in/near tumors is clearly integral to
the success of such approaches. Electrochemical NO sensors are well-suited for this role,
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owing to the excellent NO sensitivity and spatial resolution. Griveau and coworkers have
gone as far as implanting NO sensors into Lewis lung carcinoma tumors in mice.57 The NO
sensors were fabricated by coating a 125 μm diameter Pt/Ir wire with a catalytic Ni
phthalocyanine and two NO selective membranes (Nafion and o-phenylenediamine). The
sensors were then placed into holes drilled into the tumors. Well-defined response to NO
was observed after injections of exogenous NO donors such as 3-(2-hydroxy-2-nitroso-1-
propylhydrazino)-1-propanamine (PAPA-NONOate), diethylammonium(Z)-1-(N,N-
diethylamino)diazen-1-ium-1,2-diolate (DEA-NONOate),57 or nitroglycerin.58 Furthermore,
the resulting sensors were selective over species such as nitrite, ascorbic acid, and hydrogen
peroxide.
When making NO measurements in biological systems, it is important to consider the
distance of the sensor from the NO source. Due to its rapid diffusion (3300 μm2 s−1) and
reactivity in biological milieu, the concentration of NO will decay rapidly with increasing
distance from the point of generation.13 Malinski’s group observed an exponential decrease
in the NO concentration measured at a porphyrinic sensor with increasing distance from the
source via stimulated NO release from a single endothelial cell (Figure 7). At the cell
surface, a concentration of roughly 950 nM of NO was detected while NO was not
measurable at distances >50 μm from the cell.55 Indeed, maintaining a controllable distance
from the NO source is critical for measuring NO release from single cells or small groups of
cells with high spatial resolution and reproducibility. Pailleret and coworkers utilized
scanning electrochemical microscopy to precisely control the distance between an NO
electrode and endothelial cells adhered to a substrate.59 In this unique strategy, a bare Pt
microelectrode was first positioned via an oxygen reduction approach curve and then
modified with Ni tetrasulfonated phthalocyanine in situ, resulting in a precisely positioned
NO-sensitive sensor. The sensor was then used to monitor bradykinin-stimulated NO release
via catalytic electrooxidation.
Size is another important parameter for consideration when choosing a NO sensor design for
a particular biological purpose. The diameter of most published sensors range from a few
hundred nanometers to greater than two millimeters.35 Since the NO sensitivity of the sensor
is directly proportional to the electroactive surface area, larger working electrodes typically
offer greater NO sensitivity. However, the size requirement for NO sensors depends greatly
on the intended measurement location. For example, a micro- or ultramicroelectrode (< 1
μm) is suitable for measuring NO in a single cell or a cluster of cells, while a larger sensor
may be desirable for in vivo bulk NO measurements in blood. Ultramicroelectrode sensors
offer the additional advantage of minimal perturbation of the surrounding environment upon
implantation. Conversely, larger sensors are typically more robust and therefore less
susceptible to failure over time.
Future Directions and Conclusions
While a continued focus on improving the analytical performance of current electrochemical
NO sensors is important, future research must address and improve the ability of NO sensors
to resist biofouling for more reliable use in blood (i.e., protein adsorption, platelet adhesion,
and thrombus formation) and tissue (i.e., fibrous encapsulation and infection). Indeed,
sensor biofouling often results in diminished analytical performance, poor reproducibility,
and even failure. Previously published strategies for reducing biofouling on implantable
sensors for other chemical species are reviewed elsewhere.60, 61 Briefly, strategies for
improving biocompatibility include passive protection of the sensor through the use of
sensor membranes that resist biofouling (e.g., polyurethanes, polyethylene glycol, Nafion,
and phospholipids), and polymers that actively release antifouling agents.62 Ironically, a
most promising approach for reducing biofouling of implantable sensors is based on NO-
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release from sensor membranes.62, 63 Clearly, such a strategy would be problematic for NO
sensors.
As researchers continue to unravel the complex biological roles of NO and develop therapies
based on NO, the need for sensitive, selective, and accurate NO measurement devices will
increase. Specifically, the use of clinical NO measurements as diagnostic and prognostic
indicators necessitates inexpensive, small, and simple point-of-care devices. Electrochemical
NO sensors, more than any other type of NO measurement technique, are well suited to fill
this role, and for practical purposes remain most attractive for real-time in vivo NO
quantification in biological systems. In addition to their ease of fabrication and
miniaturization, the instrumentation required to perform ultra sensitive measurements is both
affordable and potentially portable for field use. While few analytical sensors work well for
all applications, the most successful designs are characterized by both desirable analytical
performance criteria and ruggedness. The emerging development of new approaches using
nano-structured polymers and carbon nanotubes should further enable sensitive, selective,
and accurate determinations of NO in challenging environments.
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Schematic diagrams of (a) Shibuki-style, (b) solid permselective, and (c) solid catalytic NO
sensors.
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Structure of the polymeric cation exchanger Nafion.
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(a) SEM image of conical W-Pt-Pt black microelectrode. (b) Magnified view of electrode tip
shown in (a). (c) Schematic diagram showing cutaway of W, Pt, and Pt black layers at tip of
microelectrode. Reprinted with permission from reference 40. Copyright 2008 American
Chemical Society.
Privett et al. Page 17














Structures of redox mediators commonly incorporated into catalytic electrooxidative NO
sensors: (a) Tetrakis(3-methoxy-4-hydroxyphenyl)-nickel(II) porphyrin (NiTMHPP), (b)
metal N,N′-ethylenebis(salicylideneiminato) (M(Salen)), and (c) metallophthalocyanine.
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Response of fluorosilane-coated platinum microelectrode to successive additions of NO
solution. Inset shows resulting calibration curve. Reprinted with permission from reference
40. Copyright 2008 American Chemical Society.
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Measurement of LPS-induced NO in rat lung tissue at a ruggedized Nafion-coated
porphyrinic microsensor. Adapted from reference 55 with permission from Elsevier.
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Decrease in NO concentration as distance increases between a porphyrinic NO microsensor
and an endothelial cell. Adapted from reference 55 with permission from Elsevier.
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Table 1
Possible interfering species and their physiological concentrations during the electrochemical NO
measurements.
compound concentration range specimen ref.
nitrite <20 m Ma blood (plasma) 25
ascorbic acid 34 – 114 mM blood (plasma) 22
uric acid 150 – 470 mM blood (serum) 22
acetaminophen 66 – 199 mMb blood (serum or plasma) 22
carbon monoxide 0.5 – 1.5 mMa mouse kidney 24
dopamine <2.0 nM blood (plasma) 22
norepinephrine 0.35 – 2.96 nM blood (plasma) 22
serotonin 0.28 – 1.14 mM whole blood 22
DOPACc 5.88 – 23.10 nM blood (plasma) 23
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